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also contain complexing agents, reducing agents, and various additives. While such
© The Author(s) 2021 complex compositions assure good stability and printability of the inks, they

hamper the sintering process as excess time and energy are often required toremove
residues from various compositions to ensure high conductivities of the printed
structures. Thus, a simple ink system is expected. On the other hand, plasma sin-
tering shows its sintering potential in treating silver particle-free inks, but is only
employed for the sintering of silver nitrate or silver acetate-based inks. Conse-
quently, developing new particle-free ink systems with simple compositions and
exploring the potential of plasma sintering is very meaningful. In this work, a clear
and transparent silver particle-free ink was formulated, which can be treated both
by low-pressure argon plasma sintering and low-temperature thermal sintering
(120-160 °C). The roles of 2-amino-2-methyl-1-propanol (AMP) in the ink formu-
lation were investigated in detail, which not only acts as the solvent but also as the
complexing agent for silver oxalate to lower the sintering temperature of the ink.
The electrical performance of the formulated ink was examined for both sintering
processes for different conditions. The thermal sintering resulted in a resistivity
value of 24.3 pQ-cm on glass substrates after treatment at 160 °C for 60 min, while
the plasma sintering yielded a resistivity value of 29 nQ-cm at 500 W for 30 min.
Compared to thermal sintering, plasma sintering achieved a similar electrical per-
formance, but with a more nonuniform film structure. The power, sintering time,
and the pressure of argon are key factors responsible for the conductivity of the
produced films. Nevertheless, both resistivity values do meet the minimal electrical
requirements of most electronic applications.
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1 Introduction

The fabrication of good conductors on low-cost sub-
strates has been the research focus of flexible elec-
tronics. Solution-based deposition processes, such as
inkjet printing [1-4], gravure printing [5, 6], and slot
die coating [7] show great potential in the scale and
speed of producing such products, where a series of
inks have been used [8]. Metal-particle-free inks,
composed of metal salts or metal complexes and
volatile solvents, are one of the representative ink
materials which exist in the form of solution [9, 10].
This type of ink does not require stabilizers and
usually has a lower sintering temperature and good
stability (90-150 °C), showing its advantages over
metal nanoparticle inks.

Silver particle-free inks have attracted great inter-
est and are under rapid development [11-17]. Some
of the developed silver particle-free inks have been
used to fabricate highly conductive stretchable cir-
cuits [18], silicon solar cells [19], electrodes for
organic field-effect transistors [20], and radiofre-
quency inductors [21]. Currently, most of the repor-
ted silver particle-free inks contain multiple
components. In addition to the necessary sol-
vents and silver precursors, these inks also contain
reducing agents, complexing agents, and various
additives [14, 15, 21]. Such a multi-component ink
system presents some limitations: (1) more energy
and time are required to remove various organic
contents, and the inks need to be processed at high
temperatures to achieve a good conductivity that
precludes the use of many low-cost flexible sub-
strates; (2) the additives used in the inks (e.g., organic
binders) act as defects in the produced metallic film,
lowering the conductivity. Since these additives
remain in the final film, they also increase the sensi-
tivity of the patterns to humidity and thereby reduce
the reliability of the printed circuit; and (3) the uti-
lization of reducing agent reduces the chemical sta-
bility of the ink over time. To overcome these issues,
a simpler ink system with a reduced number of
constituents is expected.

On the other hand, the post-treatment process at
low temperature is desired for metal particle-free
inks because this can broaden the range of flexible
substrates. A post-treatment such as sintering is
usually adopted for the ink patterns to acquire
specific electronic properties [22]. This process brings
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thermal energy to the ink system so that the ink sol-
vent can be evaporated and the silver ions are
reduced to metallic silver. Up to now, various kinds
of sintering methods have been reported [23] and
each has its advantages and disadvantages. However,
it should be noted that a faster sintering process
without damaging thermally sensitive plastic sub-
strates is always desired because this is conducive to
the actual industrial manufacturing process.

Thermal sintering is the most commonly adopted
technique for silver particle-free ink and is mostly
carried out on a hotplate or in an oven. The required
temperature varies from ink to ink depending on the
composition of the ink. Thermal sintering can sinter
the particles to form continuous features through
Ostwald ripening [24]. For most common polymer
flexible substrates, a low-temperature sintering is
desired because they have a relatively low glass
transition temperature.

Plasma sintering is also an attractive sintering
method for silver conductive inks, which is carried
out by exposure of printed patterns to low-pressure
argon plasma [25, 26]. The exposure causes the
evaporation or decomposition of the organic solvents
and the reduction of silver ions within the printed
feature from the top to the bottom. After a sufficient
amount of sintering time, the as-printed features are
converted into a continuous particle network. Plasma
sintering has been employed to sinter silver
nanoparticle inks [25-28].

Currently, for silver particle-free inks, efforts to
achieve low-temperature sintering have focused on
the careful design of the ink recipe [29]. A common
and effective way is to use a weak reducing agent in
ink formulation such as aldehyde-based materials
(e.g., acetaldehyde, formic acid, dimethylformamide,
glucose, and ethylene glycol) [30]. Apart from the
modification of the ink recipe, the selection of
advanced sintering techniques such as plasma sin-
tering is also a suitable choice to decrease sintering
temperature. Several works have been carried out.
Bromberg et al. reported the application of argon
plasma to convert printed lines of silver nitrate on
glasses to silver traces [31]. The research showed that
plasma sintering is a promising way for the rapid and
low-temperature fabrication of metallization pat-
terns. A patent from OrelTech Ltd also described the
formation of the metal film with plasma treatment of
a sliver nitrate ink in the concentration of 40 wt% in
water [32]. In addition to silver nitrate ink, plasma
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sintering of silver acetate ink has also been reported
[24, 33]. These studies indicate the possibility of uti-
lizing plasma to treat low-temperature silver particle-
free inks. However, silver nitrate ink is not stable and
explosive over time, and the synthetic methods for
silver acetate inks are not economically feasible due
to the utilization of highly toxic chemicals (e.g.,
ethylamine) and a longer aging time. Therefore, it is
meaningful to exploit a new silver particle-free ink
system and explore the sintering potential of plasma
for flexible electronics.

In this contribution, we tailored a silver particle-
free ink that is suitable for low-temperature treat-
ment. The thermal and plasma sintering of the ink is
presented. AMP, an alkanolamine, plays an impor-
tant role in the ink recipe, which can not only serve as
the solvent of the ink but also as the complexing
agent for silver oxalate, leading to a very simple ink
system that is suitable for low-temperature sintering.
The electrical performance of the formulated ink was
examined with thermal and plasma sintering,
respectively. In terms of film microstructure, plasma
sintering is not as good as thermal sintering. How-
ever, both sintering methods can achieve a resistivity
in the order of 107 Q-cm, which is in line with the
targets required for electronic applications.

2 Experimental section
21 Chemicals

Silver nitrate (AgNO;z; ACS reagent, > 99.0%),
sodium hydroxide (NaOH, reagent grade, 97%,
powder), oxalic acid (H,C,O4, anhydrous, > 99.0%) ,
and 2-amino-2-methyl-1-propanol (C,H;1NO, AMP,
for synthesis) were purchased from Sigma-Aldrich.
Methanol (CH,O, MA, gradient grade, > 99.9%) was
purchased from Honeywell. All chemicals were used
as received without further purification. Glass sub-
strates were used. Before ink deposition, 20 mm x
15 mm of glass sheets were ultrasonically cleaned in
ethanol for 5 min to remove the particles and organic
contaminations on the surface and then dried with a
nitrogen gun. To obtain a hydrophilic surface for ink
deposition, the substrates were further treated with a
5-min O,-plasma process (Diener Femto PCCE
plasma system, 0.35 mbar, 500 W, 40 kHz).
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2.2 Ink formulation

The silver particle-free ink was formulated by simply
dissolving the synthesized silver oxalate powder into
alcohol solvents. The silver oxalate powder was
prepared via an ion exchange method [34]. For ink
preparation, 0.152 g of silver oxalate was first dis-
persed in 0.45 ml of methanol (MA). After stirring for
1 min, 0.3 ml of AMP was added. The mixture was
further stirred for 60 min to produce a transparent
ink. The solution was filtered through a 0.45 pm
PTEE filter and directly used for the experiments.

2.3 Thermal and plasma sintering

The silver conductive films on pre-cleaned glass
substrates were obtained by spin coating (3000 rpm,
30 s) with a subsequent thermal or plasma sintering
process. 75 ul of the silver ink was used in a dynamic
spin-coating process to obtain a thin layer that can
cover the whole substrate. The thermal sintering was
performed in air with a hotplate at 120 °C, 130 °C,
140 °C, 150 °C, 160 °C, and 170 °C for 5-60 min. The
plasma sintering experiments were carried out with a
plasma pencil using a low-pressure argon plasma
instrument from Diener Electronic. Each plasma sin-
tering experiment consisted of the following steps: (1)
The chamber was evacuated to a pressure lower than
0.1 mbar; (2) argon gas was introduced into the
chamber at a controlled flow rate (0.2 sccm) that was
maintained for the duration of the experiment; and
(3) after the flow rate and pressure stabilized, a
plasma was initiated. Four power values (100, 250,
400 and 500 W) and five treatment times (5, 10,15, 20
and 30 min) were used for the experiments.

2.4 Characterization

Surface tension and contact angle of the formulated
silver particle-free inks on glass substrates were
measured with a drop-shaped analyzer (Kriiss
DSA100, Germany), using the pendant drop method
and sessile drop method, respectively. The viscosity
measurements were performed on a Haake rotational
viscometer at 20 °C under 500 rpm. The thermal
decomposition behaviors of the silver particle-free
inks were investigated with a differential scanning
calorimeter (Netzsch DSC 204 F1) and a thermo-
gravimetric analyzer (Netzsch TG 209 F1). Measure-
ments were carried out in the temperature range
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30-300 °C with a heating rate of 10 °C min~' under
an argon atmosphere and a nitrogen atmosphere,
respectively. The gas released from the thermo-
gravimetric analyzer during the heating process was
monitored with a coupled mass spectrometer (Net-
zsch QMS 403C). X-ray diffraction (XRD) analysis
was carried out over a range of 20° to 90° on a Bruker
D8 Advance X-ray diffractometer with a Cu Ka 1
radiation (A = 0.15406 nm). The surface and cross-
section morphologies of the obtained silver films
were observed via a scanning electron microscope
(HITACHI S-4100). Resistivity values were calculated
via p =R, x t, where Ry and t are sheet resistance
and the average thickness of the obtained silver films.
Rs was measured on a four-point probe instrument
(Jandel Engineering), and t was measured from the
cross-section image.

3 Results and discussion
3.1 Ink formulation: roles of AMP

In this work, silver oxalate was chosen as the silver
precursor of the ink because it has a higher silver
content (71 wt%) than most of the organic silver
precursors such as silver acetate and can be thermally
reduced to metallic silver at low thermal decompo-
sition temperatures (less than 200 °C) without
organic residues [17, 34]. Methanol, a volatile and
reducible alcohol, was used as the ink solvent to
adjust the rheological properties as it has lower sur-
face tension and viscosity than other alcohols such as
ethanol and 2-propanol. AMP, an alkanolamine, was
selected as the co-solvent of the ink due to its high
viscosity (102 mPa-s, 30 °C, Fisher Scientific) and
medium boiling point (165 °C).

The influences of the amount of AMP on the ink
fluid and electrical properties were first investigated.
Inks with different AMP content that are varied from
0.2 ml to 0.6 ml were formulated, as shown in Fig. 1a.
When the content of AMP is below 0.2 ml, a trans-
parent ink cannot be formulated. This means that the
amount of AMP is not enough to completely react
with the silver oxalate. And above this amount, a
solution ink can be produced, mainly via the fol-
lowing complexing process (Fig. 1b). The lone pair of
electrons on the nitrogen atom of AMP can coordi-
nate with silver cations to produce a soluble silver-
amine complex, thereby resulting in clear and
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transparent ink. FT-IR analysis was employed to
confirm this process, as shown in Fig. 1c. The peaks
associated with NH, groups of AMP undergo a
dramatic red-shift after the reaction, implying that a
coordination process occurred on the bond of NHa.
This phenomenon is similar to that of other silver-
amine particle-free inks such as silver citrate-amine
ink [35] and silver carbonate-amine ink [36].

The above results indicate that the AMP can not
only act as the solvent in the ink but also as the
complexing agent for silver oxalate. This is different
from the common silver particle-free ink formula
where a complexing agent is always necessary. In
other words, our ink system is very simple, only
consisting of a silver precursor and solvents.

The fluid properties such as surface tension, vis-
cosity, and contact angle of each ink are given in
Table 1; the corresponding images are given in Fig. S1
in the supporting information. As the content of AMP
in the ink increases, the viscosity and surface tension
of the ink increase gradually. SEM and four-point
probe analyses were employed to investigate the
morphology and resistivity differences of the film
from each ink to determine the optimal content; the
results are given in Fig. 52, where the AMP content
has a significant influence on the resistivity of the
film. As the AMP content increased from 0.3 to
0.6 ml, the resistivity of the film almost quadrupled.
This can be easily understood. At high AMP content,
the methanol content is relatively small, the ink vis-
cosity is relatively large, the mass transfer is affected,
and more organic residues are left, thereby making
the conductivity poor. The corresponding SEM ima-
ges indicate that the film obtained by the ink with
0.3 ml AMP was most compact and uniform. There-
fore, this recipe was chosen for the following exper-
iments, where the surface tension and viscosity of the
ink were 25.86 mN/m and 6.64 mPa-s, respectively.
These values are similar to those reported in our
recent work about the printing research [37], which
are within the range of fluid parameters required by a
piezoelectric printer [4], indicating that the ink is
printable. However, due to the lack of high-boiling-
point solvents (T, beyond 150 °C) in this ink formula,
early drying and crystallization may appear when
printing.
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Fig. 1 a Image of inks with
different AMP content varied
from 0.2 to 0.6 ml, b the
complexing mechanism of
AMP and silver oxalate, and
¢ FT-IR spectra of silver
oxalate, AMP, and the Ag-
AMP ink

Table 1 Fluid properties of
the Ag-AMP inks with
different AMP content
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AMP content 0.3 ml 0.4 ml 0.5 ml 0.6 ml
Ink surface tension (y, mN-m™") 25.86 27.39 27.63 27.70
Ink viscosity (17, mPa-s, 20 °C) 6.64 7.31 8.71 9.78
Ink contact angle (glass substrate) 50.23° 53.6° 56.33° 56.67°

Ink recipe, 0.152 g silver oxalate, 0.45 ml MA, and 0.2-0.6 ml AMP
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3.2 Thermal decomposition behavior
of the ink

The thermal decomposition behavior of the optimal
silver ink was investigated by DSC-TG-MS; the
results are given in Fig. 2. The DSC curve shows
three main endothermic peaks. The first two, around
75 °C and 130 °C, are attributed to the evaporation of
the MA and the partial thermal reduction of Ag™.
This is in line with the results of MS (mass spec-
trometry) where MA and CO, gases were detected,
respectively. The exothermic peak around 150 °C is
from the decomposition of AMP [38]. The TG curve
displays two main mass loss steps. The first step
starts from 30 °C to 130 °C, corresponding to 40.2
wt% mass loss. The second step is between 130 and
180 °C, with a mass loss of 45.9 wt%. Thus, the final
mass residue was 13.9 wt%, close to the theoretical
silver content (13.2 wt%) of the ink. From the TG-DSC
curve, it can be concluded that the decomposition
temperature of the silver-amine complex in ink was
about 130 °C, indicating the possibility of low-tem-
perature sintering of conductive patterns. In combi-
nation with the decomposition temperature of silver
oxalate (166-185 °C) [34], it can be concluded that
AMP can lower the decomposition temperature of
silver oxalate. This mild reducing ability may be
related to the properties of the alkanolamine.

3.3 Film morphology

For silver particle-free ink, a post-treatment such as
drying, curing, or sintering is required for the printed
films or patterns to acquire specific electronic
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Fig. 2 Thermal decomposition behavior of the as-prepared Ag-
AMP particle-free ink
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properties. Here, thermal sintering and plasma sin-
tering were utilized for our ink system. An ink dro-
plet of 75 pl was spin-coated on the glass substrates
in order to achieve homogeneous thin films to assure
reliable conductivity measurements. Silver films,
obtained at various sintering parameters, were
investigated by SEM and XRD to see the differences
in the microstructure.

Figure 3a shows the surface morphology of silver
films sintered at 120 °C, 130 °C, 140 °C, 150 °C,
160 °C, and 170 °C for 60 min. All the films have a
microstructure composed of interconnected domains
of silver nanoparticles and few voids. This
microstructural feature is a result of the fast evapo-
ration of the solvent and thermal reduction of silver-
AMP complex ions, where a lot of bubbles such as
MA or CO; are produced and need to go through the
films, thereby leaving a structure with pores. The film
at 120 °C shows a compact microstructure consisting
of small particles, mainly due to the insufficient
decomposition and evaporation at this temperature.
With further increasing the temperature, the size of
the voids increased but the particle size became lar-
ger and most of them have a good connection with
each other. Further increasing the sintering temper-
ature to 170 °C, the microstructure development of
silver films evolved to a stage dominated seemingly
by the sintering of nanoparticles, as evidenced by
such microstructural features as enlarged domain
size and coalescence of pores. Here, the porosity and
the average particle size of the films sintered at
130 °C, 150 °C and 170 °C were obtained using an
image process technique [39] and Nanomeasre soft-
ware. As the temperature increases, the porosity
increases from 8.9% to 21.5%, and then 30.0%, while
the average particle size increase from 99.2 to
133.8 nm, and then 206.1 nm. The average pore size
for 170 °C is about 150 nm. These results indicate that
the film is porous. According to reference [40] and
[41], the silver porous nanostructures was an excel-
lent substrate for chemical sensing using the SERS
method. Therefore, our Ag porous nanostructures
might be suitable for the SERS-related applications
such as monitoring pesticide residues in agricultural
products. Figure 3b gives the cross-section images of
each film. The average thickness is about
300 + 30 nm after sintering at a temperature above
150 °C for 60 min. The images also show that the film
is made up of spherical interconnected silver
nanoparticles.
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Fig. 3 Surface morphology
(a) and cross-section ,y -
(b) images of silver films
sintered with a hot plate at
120 °C, 130 °C, 140 °C,
150 °C, 160 °C, and 170 °C
for 60 min
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(a) Surface morphologles of silver films W|th thermal smtermg

Figure 4a shows the surface morphology of silver
films sintered with low-pressure plasma, which is
very different from the structure of the films with
thermal sintering. The surface is composed of small-
sized and multilayered silver nanoparticles and has
many filamentous cracks. This structure is a result of
the combined effects of plasma effect and rapid sol-
vent evaporation. As the evaporation continues, the
film will wrinkle and generate tensile stress. When
the tensile stress exceeds the adhesion to the sub-
strate, cracks will occur [42, 43]. However, the mor-
phology of the crack is determined by many factors in
the evaporation process, such as the characteristics of
the substrate (wettability, roughness, etc.), and the
evaporation rate, temperature, film thickness, etc.
[44, 45]. These factors increase the difficulty of
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controlling film morphologies. Segmented sintering
with different intensities of argon pressure may help
to obtain a uniform film morphology, which can slow
down the evaporation rate of the solvents and the
decomposition of the silver-amine complex.

At 100 W of power, some small particles were
generated on the surface of the glass substrates.
These particles have an average size of 50 nm and
most of them seem to be surrounded or wrapped by
organic molecules. We suspect these small particles
are the result of the thermal effect of the plasma [46],
which will cause the evaporation of the ink solvents
and the reduction of silver ions, thereby leading to
the generation of silver particles. As power increases,
the number of silver particles becomes more and
more and the organic molecules decrease. Further
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Fig. 4 a Surface
morphologies of silver films
sintered with plasma at
different power for 15 min and
b surface morphologies of
silver films sintered with
plasma at 500 W for different
times

increasing the power of plasma to 500 W, the
microstructure development of silver films evolved
to a multilayer with few organic matters, where some
of the interconnected silver particles are covered on
the surface of others. This is attributed to another
effect of plasma, the etching effect. The high energy
and very active plasma particles break the chemical
bonds in residual organic molecules [46] and remove
them from the surface of the silver particles so that
the particles have good contact. The produced silver
nanoparticles merge and connect with adjacent par-
ticles, thereby resulting in a conductive network.
Figure 4b gives the morphologies and cross-section
images of silver films sintered with plasma at 500 W
(the maximum power of our instrument) for different
lengths of time. The surface morphology gradually
changes as time increases, evolving to a multilayer
composed of interconnected silver particles. The
average thickness is about 400 + 30 nm after sinter-
ing at 500 W for 15-30 min. The images show that the
film is made up of small silver nanoparticles stacked
inline form. Here, it should be noted that the sinter-
ing of silver particle-free ink is very different from
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(a) Plasma sintering with different power for 15 minutes

silver nanoparticle ink as the latter can be dried
before sintering, that is why the treated films are not
as good as reported in the literature in terms of
microstructures.

X-ray diffraction was used to probe the crystalline
structure of the silver films obtained with thermal
sintering and plasma sintering, respectively; the
results are given in Fig. S3. All the films show sharp
distinct peaks corresponding to the characteristic
values for metallic silver, revealing well-crystallized
silver films. With the increase of sintering tempera-
ture or power, the intensity of diffraction peaks of
silver films increases, meaning a better crystallinity.

3.4 Electrical performance

Figure 5 shows the resistivity of the silver films
against sintering temperature or plasma power and
time. For thermal sintering, the resistivity decreases
close to a plateau value of 24.3 nQ-cm with increasing
sintering temperature to above 160 °C (Fig. 5a). At
120 °C, a resistivity below 107 Q-cm has already been
obtained. This value is higher than that of bulk silver
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Fig. 5 a Resistivity of silver films sintered at different temperatures for 60 min and b at 160 °C for different times; ¢ Resistivity of silver
films sintered with plasma at different power for 15 min and d at 500 W for different times

and is associated with the reduction degree of silver-
AMP complex ions and the residual degree of AMP
that needs a temperature higher than that of 160 °C to
remove. However, it can meet the electrical require-
ments of most electronic products. The changes in the
resistivity with time are shown in Fig. 5b. After 5 min
of sintering, the resistivity of the silver film is about
40 pQ-cm, mainly due to the uncompleted reduction
reaction. A significant decrease in resistivity was
achieved by further increasing the sintering time to
30 min. After that, the resistivity decreases moder-
ately and reaches 25 pQ-.cm at 60 min. For plasma
sintering, the resistivity decreases significantly with
the increase of plasma power (Fig.5c) and time
(Fig. 5d), reaching a value of 29 uQ-cm at 500 W for
30 min. Further increasing the power could achieve a
lower resistivity. However, this is limited by our
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available plasma instrument where the maximum
power is 500 W.

Here, it is worth noting that the resistivity of the
films sintered for 30 min by the two methods is
almost the same. This means that the formation of a
low resistivity film with plasma sintering of a silver
particle-free ink is also possible, although the films
from plasma sintering are not as uniform as the
thermal sintering. Compared with thermal sintering,
in terms of the control and adjustment of film
microstructure, plasma sintering is more difficult due
to the influences of many factors as previously
mentioned. Here, we tried to slow down the drying
rate of the ink by increasing the argon flow to 2 sccm
in the chamber and the result shows insufficient
sintering because a high resistivity was obtained.
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Only under very low pressure can good electrical
performance be achieved.

4 Conclusions

In summary, using an alkanolamine, AMP, as the
complexing agent and solvent, transparent silver
particle-free inks were formulated, which have a very
simple two-component ink system and are suit-
able for low-temperature sintering. The effects of the
amount of AMP on the fluid and electrical properties
of the formulated inks were investigated, where an
optimal ink was obtained. The ink with 13.68 Ag
(wt%) was spin-coated on glass substrates and pro-
cessed with thermal and plasma sintering, respec-
tively. The former resulted in a resistivity value of
243 pQ-cm on glass substrates after sintering at
160 °C for 60 min, while the latter yielded a resis-
tivity value of 29.05 pQ-cm at 500 W for 30 min. In
comparison with thermal sintering, plasma sintering
achieved a nonuniform film structure, but with sim-
ilar electrical performance.The presented work shows
that the careful design of the ink formula plays a
decisive role in realizing low-temperature sintering.
Further improvement on the ink properties such as
electrical, thermal, and fluid properties could focus
on the selection of silver carboxylates (unsaturated,
branched, and/or substituted with a hydroxyl group)
that are easy to be transformed into silver and alka-
nolamine possessing multiple silver binding sites and
a boiling point below 150 °C. An additive-free ink
that is well designed has good stability and can save
energy and time in achieving good conductivity and
film morphologies, and good adhesion still remains
an issue to be addressed.
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